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Abstract. Considered as a plague for numerous industr&grablies, fretting associated with small
oscillatory displacements is encountered in all sipggatic contacts submitted to vibrations.
According to the sliding conditions, fretting cracknd/or fretting wear can be observed in the
contact area. On the other hand an important dpuweat has been achieved in the domain of
surface engineering during the past three decaddsnamerous new surface treatments and
coatings are now available. Therefore there isteakchallenge to evaluate the usefulness ofdhes
new treatments and/or coatings against frettingad@nTo achieve this objective, a fast fretting
methodology has been developed. It consists in tifyang the palliative friction, cracking and
wear responses through a very small number ofifgetiests. With use of defined quantitative
variables, a normalized polar fretting damage capproach is introduced. Finally, to evaluate the
performance of the assemblies after these proteciwrface treatments under complex fretting
loadings, an original sequence of partial slip gnoss slip sliding procedure has been applied. It
has been demonstrated that performing of a veryt Ssguence of gross slip fretting cycles can
critically decrease the resistance of the treatethses against cracking failures activated under

subsequent partial slip loadings.

Introduction

Fretting is a small oscillatory movement, which magcur between contacting surfaces

subjected to vibrations or cyclic stresses. Comesitiéo be very detrimental for modern industry,
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Figure 1: (a) lllustration of the fretting damagedlifferent assemblies; (b) Different forms of
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fretting damage as a function of the imposed desptaent amplitude.

fretting is encountered in all quasi-static asséesbsubmitted to vibrations. Therefore numerous
advanced technological products of modern indu$ikg,helicopters, aircrafts, trains, ships, trucks

suspension cables of bridges, electrical connestiett. are potentially endanger by fretting

damage (see Fig. 1a) [1].

Partial slip observed at small displacement amgdisucorresponds to a combined contact area
between fretting bodies displaying sliding andlgtig zones. Gross slip displacements are greater
and related to full sliding conditions. Whaterhoesal. [2] first indicated a correlation betweés t
sliding regime and the damage evolution (Fig. 1bhas been shown that for a given normal load
and at stabilized sliding conditions fretting crisagkis being encountered mainly in the partial slip
regime, whereas fretting wear is being observedt mball for larger gross slip amplitudes. The
transition from one damage mechanism to the otimey, inked to the transition displacement
amplitude §), is not clearly marked. However, competitive wead cracking phenomena are
usually observed near this transition. It is wadhnote that first idea of this transition has been
supplemented to the fretting map concept firstomhiced by Vingsbo [3] and completed
subsequently by Vincent and co-authors [4].Quantgaapproaches have been developed since
then to formalize either the cracking phenomenanfroultiaxial fatigue approaches [5-7] or wear
kinetics based on a dissipated energy concep{.[8, 9

However it is extremely rare that a researcherrassua task of a global analysis covering both
cracking and wear aspects and very little has loesm to provide such a global description of
fretting damage. Even less has been made for aagsop of palliatives like surface treatments. It
is the purpose of this research to appease suchdaihental need by focusing it on the following
aspects:
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- development of a fretting wear test in order twlgse both wear and cracking damage
induced by fretting with use of a single contaametry.

- development of a simplified test methodologyderitify the constitutive fretting damage (i.e.
friction, wear and/or cracking) in a series of l#s#n 10 fretting tests.

- the impact of a combined gross and partial dlgiregs on cracking behaviour in the contact
area.

Applied to the fretting couple with a referenceestethis methodology has been used to

compare two different treatments of the steel serfthe shot peening and plasma nitriding.
Experimental procedure

Fretting test

As previously mentioned the applied normal loadingast satisfy the stress conditions
allowing cracking to take place. The displacememtm| needs also a sufficient resolution to
cover both partial and gross slip conditions. These requirements have been achieved by
adapting an original fretting wear test apparatus ao classical tension-compression (25 kN)
hydraulic machine described elsewhere [10]. Theamirconfiguration is presented in Fig. 2a. The
normal force (P) is maintained at a constant vaidele the tangential force (Q) and displacement
(8) are recorded continuously. It allows for the g of Q-6 fretting loops (Fig. 2b). Closed
(narrow) Q-8 fretting loops correspond to a partial slip coiudit whereas opened (quadratic) ones
are associated to a gross slip condition. Quaiviitatariables including the displacemesi)(and
tangential force (§ amplitudes, the dissipated energy)(Bnd the sliding amplitude$g) can be
extracted from these loops. In order to obtain madyic overview of the whole fretting test, the
consecutive fretting cycles are being assembleal timee-dimensional form of a fretting log (Fig.
2c). The global loading parameters like:

the average tangential force amplitude

N

L
N

*

Q = Qi

and Archard’s product of the normal force by thdisl distance:
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can then be calculated.
Prior to testing, all the specimens have been diibanto cleaning in ultrasonic bath first in

acetone and next the sliding surfaces have beameadewith ethyl alcohol just before bringing
them into contact. All the tests have been caroigidin an ambient laboratory environment (in air,

at room temperature), in unlubricated conditiond anthe relative humidity of the air 40-50%.
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Figure 2 : Test procedure : (a) Fretting setupHXtyaction of the contact loading parameters fthen
fretting loop (gross slip condition); (c) lllustiam of the fretting log chart under partial slipncitions.

2.2 Studied materials and surface treatments

Substrate and counterbody

Inspired by an industrial application, the studigibo-couple consists of a low alloyed
30NiCrMo8 steel (used as the substrate for diffesenface treatments) and a counterbody made of
52100 AISI steel. The 30NiCrMo8 steel was machiirethe form of 10x10x15 mm rectangular
prisms with one polished face of the roughnessevd®a < 0.05 um. A similar value of the
roughness parameter Ra has been measured on theerbmdy surface of the 80 mm diameter
cylinder made of the hardened 52100 AISI steel.(8#). In order to establish properly plane strain
conditions, the contact length (L) was fixed at ® mmducing a/L ratio below 0.1 (a - half width of

the Hertzian contact area).
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The steel substrate 30NiCrMo8 under investigati@s Wweat treated at 820°C, oil quenched at
20°C and tempered at 520+5°C for 2 hours. The nmécalaproperties of the steel as well as of the

counterbody are given in Table 1.

Table 1 : Mechanical properties of the steels fagihe fretting couple.

52100 30NiCrMo8
(counterbody) (substrate)
Elastic modulus, E (GPa) 210 200
Poisson raticV 0.29 0.3
Yield stressgyg, (MPa) 1700 740
Maximum stressgr (MPa) 2000 890
radius of the stick cross section  sliding

cylindrical
surface

R =40 mm =

. contact

30NiCrMo8

30NiCrMo8

Topview @ Side view

Figure 3 : Contact configuration during the frettiegt: (a) Cylinder/plane configuration; (b) Imadgeo

fretting scar on the substrate surface testedermértial slip regime.
Treatments of the substrate surface

Shot peening

Shot peening of a part of the rectangular prisnssideen conducted following the conventional
procedure 0.0063A (200% recovering and balls ofnfné diameter). Carried out with use of an air
blast machine it satisfies the MIL-S-13165 stand@&guivalent to an ALMEN intensity of 0.2-
0.3 mm (from AFNOR NFL 06832 standard). The valfithe average roughness parameter Ra of

the substrate surface after shot peening was ég@ghm.

Nitriding
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Another part of the rectangular prisms has beesnpdanitrided in the conventional commercial
process NIVOX 130. After the process the averaggahardness of the treated surface was equal
to 720 H\4 4, an average value Ra of the surface roughnessea to 0.2 um and the average
thickness of the nitrided layer was about 424 pime $tructure of the nitrided layer is shown in
Fig. 4.

4 o = N

Figure 4 : Optical micrographs of the cross sectith the nitrided layer.

2.3 Procedure of damage quantification

Crack length quantification

Due to a particular stress field distribution ire thontact area the cracks nucleating during
fretting wear are growing rather slowly and do mobvoke a rupture of the flat specimen.
Therefore, the given cracking analysis consists@asuring and comparing the crack length below
the surface as a function of the loading conditiofise following expert procedure has been
applied: the plane specimen on which the frettewy has been performed is being cut in two parts
along a plane perpendicular to the specimen sudfabmitted to wear at the middle of the fretting
scar. After careful polishing the surface of thessrsection is submitted to optical microscopy

observations in order to measure the position hedength of the deepest crack.{ (Fig. 5)
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Figure 5 : Fretting crack expertise.

Wear volume measurement

One advantage of the 2D cylinder/plane configurat®that the wear volume can be directly
and precisely estimated from a limited number @f tmst 2D surface profiles, as the fretting scars
are linear. The following procedure was appliedst-the specimens were ultrasonically cleaned to
eliminate as much debris as possible. In the next 8 number of equidistant surfgo®files was
made in the direction perpendicular to the lengththe fretting scar (i.e. along the sliding
direction). An average fretting wear surface isntttwmputed which, multiplied by the contact
length (L), allows the plane wear volumepfWo be estimated. It is worth to note that in eviwus
comparison with complete 3D surface profiles tHéedénce between the both estimations was less
than 7 %.

The wear volume of the counter-bodyjMvas defined in the same way by extracting the
cylinder shape from the surface profiles. Finathe total wear volume in the contact area was
estimated:

VT=VP+VC
3. Development of experimental methodology

3.1 Definition of the contact conditions

It is well known from different assessments in fileéd of Tribology and Fatigue that the closer

is the test configuration to the pertinent geomelfiran industrial implementation, the finer is the

This is the pre-peer reviewed version of the follaparticle: K. Kubiak, S. Fouvry, B.G. Wendler, @parison of shot
peening and nitriding surface treatments under dexrfpetting loadings, Materials Science Forum, 8B, (May 2006), p.
105-118, doi: 10.4028/www.scientific.net/MSF.51& 1&hich has been published in final form at
http://www.scientific.net/MSF.513.105




Published in Materials Science Forum, Vol. 5130p-118, (2006) — Scientific Net
http://dx.doi.org/10.4028/www.scientific.net/MSFEH105

prediction of the endurance of the palliative Solut Precise FEM modelling must first be
undertaken to reckon the real distribution of thespure field in the vicinity of the contact area.
Due to the extreme loading range and the complexfitthe contact configuration, usually the
contact geometry in the industrial assemblies e#rba reproduced in the available laboratory test.
Nevertheless, in order to examine the severithefdontact stress, the cylinder/plane configuration
used in the experiments was adjusted to reprodsictoaely as possible the external peak pressure.
It has been achieved by applying a constant nofonaé 2000 N which provided a representative
pP,=600 MPa maximum peak pressure and an equivalerd20 pm half width of the contact area
(Fig. 6a). Even though the current FEM computaticas provide a reasonable estimation of the
pressure distribution in this area, the predictibithe pertinent displacements is more difficult. A
simple solution is to cover a sufficient range pthcements in order to identify first the traiwsit
from partial slip to gross one, next quantify thaaking phenomena under partial slip conditions
and finally to reckon the part of the wear duertdting under gross slip conditions (Fig. 6b) [9].

cracking sliding wear under
Pmax = 600 MPa under transition ,  gross slip
4 \ partial slip (O (D]
(n !

’

surface pressure profile /
computed with use of . @ . @
FEM method ’ /

’

’ .
S fixed representative
’ pressure loading

contact pressure
normal force (N)

FEM computation of Hertzian approximation_;
the real application of the pic pressure . -
radial position (r) ~ 2a=860 um

4
L4

displacement amplitude (+/- um)

(@) (b)

Figure 6 : Definition of the loading parameter3:I{stration of the methodology to identify a
representative Hertzian loading conditions, (h)ditation of the three steps fretting damage metiooy

applied for the Hertzian contact configuration defi in (a).

3.2 Fretting diding analysis and identification of pertinent friction parameters

To identify the displacement amplitude marking ttaasition from partial to gross slip regime,
an incremental displacement methodology has beapted [11]. It consists in imposing a very

small displacement amplitude at the beginning aedeasing it by regular steps. Hence, through a

This is the pre-peer reviewed version of the follaparticle: K. Kubiak, S. Fouvry, B.G. Wendler, @parison of shot
peening and nitriding surface treatments under dexrfpetting loadings, Materials Science Forum, 8B, (May 2006), p.
105-118, doi: 10.4028/www.scientific.net/MSF.51& 1&hich has been published in final form at
http://www.scientific.net/MSF.513.105




Published in Materials Science Forum, Vol. 5130p-118, (2006) — Scientific Net
http://dx.doi.org/10.4028/www.scientific.net/MSFEH105

single fretting test, a complete overview of thidieg response is provided. It should be noted that
the coherence of this methodology is fully depemndan the value of the incremend of the
displacement amplitude and on the numhhirof fretting cycles imposed to stabilize the sigli

contact after consecutive increments of the angwit{Fig. 7a).

—gross sli
N ! partial slip <—: g P
) — it
s I W= Hes
2 087 * /
£ | recorded values of P Q* PN
£ |the sliding conditions P [
© 06 I
q:_) Ad*= 02um sliding
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o amplitude) ~_ i -_FEd
] P 45,Q*
& AN =1000cycles 02f (tangential (energygratio)
© (stabilized period) force ratio) _ >
> 0 energy discontinuity
i N
fretting cycles 0 5 10 6’[ 15 20
@) (b) displacement amplitude &* (um)

Figure 7 : lllustration of the incremental slidingethod applied to a single fretting test, whereftating
sliding response can be quantified. (a) definibbthe procedure; (b) results of the procedureiagyb the
30NiCrMo8/52100 fretting couple: identification dfet sliding transitiond;), of the friction coefficient at the
sliding transition ;) (representative of the friction law under parsitp) as well as of the friction coefficient

under stabilized gross slip conditiong§).

It has been shown in previous investigations thpedect coherence with classical constant
sliding test conditions has been achieved for th@edn which the incremedtd of the sliding
amplitude remained smaller thad=0.2 pm and the number of stabilizing cycles wasatgr than
1000 cycles. The response of the reference frettimgple 30NiCrMo8/52100 is illustrated in
Figure 7b. The normalized tangential force ratidR)Qas well as the dissipated energy criterion
A=E4/(4-Q-&) are plotted versus the applied displacement auufali

In agreement with the Mindlin’s formalism, the #lig transition §,) from partial to gross slip
is related to an energy discontinuity. This disgarity is associated also to a maximum value of
the tangential force amplitude and related to thatidn coefficient at the sliding transition Jult
has been confirmed in previous studies that thisevies quite representative of the local friction

coefficient operating through the sliding domainden partial slip conditions [12]. For the
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displacement amplitudes greater than the transitie the full sliding takes place , which favours
the wear processes. In result, a compliant inteffalaird body is being produced which decreases
the friction coefficient. A stabilized friction vaé, representative of the friction law under gross
slip conditions is then identified §d).

The quantitative variables( W, Pes Q) defining the tribological behaviour of the trilyssem
under investigation are compiled in Table 2 andrtfeman values of different friction coefficients
for the different fretting couples are given in kg 8. It can be note that these values calculated
from the fretting tests are rather greater thasetencountered in numerous conventional tests (see
e.g. a value 0.8 of the friction coefficient foretplain steel fretting contact in Figure 8). Snmalle
friction coefficients have been observed under greBp condition due to the third body
accommodation mechanisms. However, this decreaféctién is rather moderate (between 0.05
and 0.1). It follows also from this comparison the shot peening has a very little impact on the
friction coefficient. A more significant decreasé the coefficient has been observed after the
nitriding of the steel surface. Indeed, it is wiallown that they phase has a significantly lower
friction coefficient against the plain steel coubtedy. This fact corresponds well with our results
from Figure 8. Nevertheless, even in that casaltoeease of friction coefficient is not greatemtha
0.2 and suggests that fretting sliding promotebetagreater friction coefficients in comparison

with those in numerous conventional tribotests.

1.0
08
08T lowm ™ | b "~~~ ~~~
077~ T T
067" T T
057" T T
047" T T
03T~ T T
027" T T
017" T T
0.0 '

friction coefficient

lain shot o
P : nitriding
steel peening

Figure 8 : Mean friction coefficients reckoned witbe of incremental sliding analys{_I:friction
coefficienty, defined at the displacement amplitui;le. friction coefficient under stabilized gross slip
conditions (j¢g)-
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Hence the studied treatments do not decreaseieéflycthe friction coefficients and can not be
compared with those which provoke a drastic deerela® to application of low friction lubricant
coatings [13, 14]. However the present applicatimposing a fixed assembly, can not tolerate any
relative sliding, and a low friction coefficient it specifically required. This tendency can be
generalized in numerous mechanical components véhsimilar friction coefficient rather than the

reference system are often preferred to limit hesawy tiresome re-designing of the assembly.

3.3 Analysis of the fretting cracking under partial dip conditions

Figure 9a illustrates the methodology of quantifyttie cracking response under partial slip.
The maximum crack length is achieved at the maxintangential loading next to the sliding
transition. Above this transition the lower valuetloe friction coefficient and a competitive effect
of wear tend to decrease the crack extent [2, 9].ifvestigate crack development, constant
tangential force amplitudes have been applied lopgnly adjusting the partial slip displacement
amplitude. It has been shown in the previous amalymt for a test duration of around 250 000
cycles the cracks are no longer developing. To ta@instable partial slip conditions, the first
fretting test is adjusted to a tangential force Bombe slightly below the transition value (0.9 QA
second test is conducted around 75% of the transi#tmplitude. By comparing the corresponding
maximum crack lengths, the successive test comditare adjusted to fully describe the crack
length evolution versus the tangential force aragktand to assess the threshold crack nucleation
(Qw) as precisely as possible.

Therefore in 4 to 6 fretting tests, two quantitativariables defining crack nucleation in the
contact area as well as its length can be quantify:

- The tangential force amplitude {fcorrespond to the threshold crack nucleation.

- The maximum crack length defined at 90% of theximam tangential force amplitude and
related to the maximum crack length of the frettoantact for the studied pressure condition:
Imax=Ima{90% Q). The different tribo-systems have been investigaand the corresponding

parameters are compiled in Table 2.
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Figure 9 : lllustration of the simplified frettirgacking methodology: (a) identification of the lzas
cracking parameters (crack nucleation threshgldi@tting crack propagation parametgid=l{(90% Qt)); (b)
application of the methodology to the three tritsisyns investigated in the work.

The evolution of crack length versus the appliedgéamtial force amplitudes for the three
tribosystems investigated in the work is given igufe 9b. Taking into account a limited number
of the fretting tests, linear approximations haeerm used to describe the evolution of the crack
length. In case of the reference plain 30NiCrMa&bkthe crack nucleation thresholg, {3 near to
1100 N and cracks propagate up to their maximumtlely,x of approximately 110 um. It looks
also like the shot peening treatment does not imgreignificantly the resistance to crack
nucleation but displays a significant benefit relijag the propagation. To explain such a behaviour
it is essential to consider the very sharp streadignt in the vicinity of the fretting contact. &h
cumulated cyclic plastic strain with a maximum dw ttop surface, tends to relax rapidly the
primary compressive stresses provoked by the tex@tnidence the potential beneficial impact of
the shot peening on the surface crack nucleatioapglly declined. It should be noted that this
phenomenon depends to a great extent on the distiopbehaviour of the material. During the
ensuing propagation stage, the crack extends betlevgurface, crossing domains less affected by
the contact loading. Free of cyclic plastic strdine initial peening compressive stresses are
maintained. A higher compressive stress state gosmd at the crack tip which consequently
decreases its propagation rate.

The analysis of the effect of nitriding on the &iag response of the reference steel shows that

no crack nucleation has been activated within tadihg conditions used in the experiments.
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Therefore such a treatment appears to be the bekting cracking palliative among those
investigated in the work. However, wider analysesluding the successively developed variable
fretting test conditions as well as fretting faegiwadings, are required for complete evaluation of

the impact of any surface treatment on crack prapaig.

3.4 Quantification of wear under gross dip

To compare the wear behaviour under gross slip; digplacement amplitudes from +25 to
+100 um were applied. Unlike the cracking phenoméha wear steady state in this regime is
reached after a few thousand cycles, so the testidn can be reduced to 25000 cycles. For the
first approximation the Archard model [15] can hepled, (i.e wear volume versus the P-S
product). A linear plot has been used for approtimmaof the wear kinetics and its slope defined as

Archard’s wear coefficient has been reckoned:

AV
APS

In order to infer the various wear mechanisms angairticular the mass transfer phenomena
from one to the other counterface, the wear opthen specimen, that of the cylinder as well as the
total volume wear of the system will be analysede@an see from Figure 10a that the plot of the
wear volume versus the Archard’s product is wefiragimated by a linear function. However, the
plot does not cross the origin of the coordinatstesy, there is a small shift along the P-S axis
associated to wear incubation threshold energlyast been shown in the previous work [16] that
this energy can be related to the cumulated plastisformation first required to modify the initia

microstructure to a rather hard phase called Togichlly Transformed Structure TTS [17].
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Figure 10 : (a) lllustration of the methodology &gg to quantify wear under gross slip conditiofi;
application to the total wear quantification of thibosystems under investigation.

This very brittle structure is being successivelgctured and generates the incipient wear
debris. All the tribosystems investigated in therkvinvolve metallic materials which promotes
similar threshold energies. Therefore, the pertivegar palliatives can be analysed directly with
use of the Archard’s wear coefficients (Fig. 10BbIE 2).

This comparison in terms of total wear resistamckcates that the shot peening treatment has
no impact on wear resistance. Unlike the shot peetiie nitriding treatment increases effectively
the resistance of fretting wear - the relevant Ardrs coefficient is approximately twice less than
that for the reference plain steel.

Compiling the different Archard’s coefficients alle the comparison of flat and cylinder
counterbodies (Fig. 11). In case of the referenettiig couple 30NiCrMo08/52100 contact, there is
a homogeneous wear in the contact area betweawthtrst bodies. More interesting is the wear
response of the same fretting couple with the 30MiE3 steel after shot peening. The plastic
deformation induced by peening treatment must limueased the surface hardness and one could
expect that its resistance to wear would be grehtdact the opposite effect is being observed. To
explain this behaviour one must take into accotmet lrittleness of the plastically transformed
surface and numerous microcracks generated duhi@egpeening treatment. Nevertheless more
complete investigations are necessary to confirthtaatter quantify this result.
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volume wear of the fretting couple.

On the other hand the wear rate of the referersed after nitriding treatment is nearly the same
as that of the plain steel. This result can beedlto the brittleness of thephase. In fact the major
gain in terms of the resistance to fretting weashserved for the 52100 counterbody. This result
can be explained if one takes into account thatdttaris of the brittle’ phase form a compliant
third body between the first bodies of the frettoauple which renders difficult the direct metal-
metal interaction and, in consequence, decreageadhesive wear identified for the previous
tribosystem.

To sum up this fast fretting analysis one can dat nitriding treatment is potentially a
promising treatment against wear induced by ddbrimation. However, in the present study, the
durability of its benefit action could not be evatied. More complete investigations are required to
guantify the endurance of treated surfaces [18f €hould consider this fast procedure a first and
limited approach which can be completed by moreaastive but also more expensive

investigations.

3.5 Cracking response under combined gross and partial dip conditions
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It has been shown in the previous investigation tit@iding treatment displays a rather good
performance against fretting wear in gross slipmegand excellent resistance against cracking
activated by stabilized partial slip loadings. He#ein numerous industrial applications, due to
unstable or irregular dynamic behaviour, both phdind gross slip sliding are being encountered.
It is therefore fundamental to find out the perfanoe of the surface treatment under combined
partial and gross slip sliding conditions. In asffiattempt to achieve this objective, an original
methodology has been developed which consists plyiag consecutively gross and partial slip
sliding in the same fretting scars. The purposthefresearch was to check if the primary gross slip
slidings can suppress or prevent crack nucleatidghe contact zone of the reference material after
different treatments under stabilized partial dijmdings. The following procedure has been
defined. First a fixed number 25000 cycles at a&dixamplitude from the gross slip regime
(+100 um) has been applied. During this initialisage a significant wear of the contact surface is
being observed, which critically modifies the s&reBstribution. In order to set out the Hertzian
partial slip conditions, the new intact cylinderfage has been placed exactly at the same position
of the gross slip fretting scar. Then 250 000 phdiip fretting cycles have been applied. Finally,
after completion of each the fretting test, the meurfaces have been submitted to microscope

inspection in order to quantify the crack extension

initial gross slip sequence
% (x100um, 25000 cycles)

replacement of the
worn cylinder counterface

tangential force

partial slip sequence
(6* < &, 250000 cycles)

/

fretting cycles

(@) (b)

displacement amplitude

v

Figure 12 : lllustration of the combined gross/dlip loading sequence: (a) a scheme and basic

parameters of the combined fretting test; (b) @swhof the pertinent fretting log.
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A scheme of the whole fretting test and of the vate fretting log of the sequence of the
applied loadings are given in Figure 12. Surfac#il@s of fretting scars have been conduced at the
end of gross slip sequence (Fig. 13a). The graat@stance to wear of the nitrided surface is
clearly visible. One can see also that the weathdextension is significantly lower than thickness
of the treated surface (the latter is approximagejyal to 200 um and 400 um for the shot peening
or nitriding treatment, respectively).

Figure 13b clearly present that the applicationaofather small number of the gross slip
sequence critically decreases the resistance tkiogpimmanent for both the treatments under
investigation. Indeed, the results after the treaim overlap these obtained for the untreated
reference steel. A likely explanation of this résslthat the primary gross slip slidings, due to a
lower friction at the interface, decrease the fitaors sliding amplitude and, in consequence, the
interval of the tangential force amplitude of thatfal slip. Another important finding from Figure
13b is that both the shot peening and nitridingttreents have similar crack nucleation threshold
and crack propagation rate as the reference €eelidering the previous remark concerning the
limited wear depth extension, the loss of the tasie to cracking can only be explained by an
overall relaxation of the initial compressive regtl stress generated by the treatments under
investigation.
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Figure 13 : (a) comparison of the wear scar prefitter fretting test under gross slip regime;gimlution
of the maximum crack length of the different suefaeatments submitted to the combined GS/P Srieetti

loading.
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Contrary to the partial slip conditions, severesgrslip ones promote extended plastic strain
upon and below the contact interface. Such pladétormation seems to fully remove the
compressive residual stresses produced by thecsutfaatment. This is the reason, that during
subsequent fretting in the partial slip regime, thacking response is the same as that for the
untreated plain steel. This combined partial/gsigsanalysis proves that an incipient short period
of gross slip sliding critically declines the reaisce of the reference steel against fretting énack
achieved due to palliative surface treatments.Idb alemonstrates the fundamental interest of

combined gross/partial slip sequence approacheslittate a fretting cracking palliative strategy.

4. Synthesis and conclusions

Different parameters defined from this simplifiedtfing damage methodology set forth in the
foregoing sections have been compiled in Tablé @edmits a quantitative comparison of different
aspects associated with fretting damage such essofri behaviour under partial and gross slip
conditions, the wear under gross slip regime, cragieation and propagation at stabilized partial
slip conditions and finally the cracking responsedombined gross and partial slip conditions.

To provide a synthetic illustration of the performa of different palliative treatments, an
optimized fretting damage chart is introduced. Pleetinent performances are normalized versus
the reference system in such a way that the cadmlleatio is below one if the treatment is

beneficial or above 1 if it is detrimental.

The following variables are considered:

Fretting tribological properties

Bt igg=—T8S — Q= = O = o
Hi(ref) — ugs(ref) — Qi(ref) — &i(ref)

&:

Fretting wear properties (25000 gross slip frettiggles):

KroTaL Ks2100 KTREAT.

K = K = K =
—TOTAL ™ K rotaL (ref), PH00T Y o 100ref) , —TREAL ™ K 1 pgar. (ref)
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Fretting cracking properties under stabilized jgadiip conditions (250000 cycles):

I mAX

Nucleation :Qy, = Qn Tuax (ref)
MAX

—  Qyn(ref)

, Propagation {yyax =

Fretting cracking properties under combined grdigssequence (£100um during 25000 cycles)
followed by partial slip conditions (250000 fretficycles):

*

Qmn

" vax
| max (ref)

Nucleation :Q*th =—————, Propagation I 'vax =

Q n(ref)

Friction

Friction

Wear i W
) roperties ear i
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Figure 14 : Normalized polar charts for two differéretting palliative treatments (reference firadti
system : 30NiCrMo08/52100 contact) (a) shot peeniegtinent, (b) nitriding.

Different plots are at the disposal, however thiaipoharts, first adapted for fretting analysis by
Carton and co-authors [19] appear the user-frieftig here extended and normalised to compare
the responses of the surface treatments undertigatsn (Fig.14). A rapid overview shows that
the peening treatment does not modify the frichehaviour, does not change the crack nucleation
response but increases the resistance to crackgeatipn under stabilized partial slip conditiorts. |
does not change the resistance to wear but inéative differences between treated (plane) and
untreated (cylinder) surfaces. Finally the nitrglitreatment characterized by lower friction
behaviour, displays a very good resistance to cnagkleation and their propagation under
stabilized partial slip conditions and brings abprgsents lower wear kinetics (in fact, the de@eas
of wear of the pertinent fretting couple is in thest part attributed to the 52100 counterbody).
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Concerning the resistance to crack nucleation umdenbined Gross Slip/Partial Slip (i.e.
GS/PS) conditions the analysis clearly shows thdirte of the benefit effect of the treatments
under investigation. The compressive residual seesppear to be fully erased and the cracking
behaviour after the both surface treatments bectongbst of the untreated reference steel.

It has been shown in the work that having an opgahipalliative strategy most of the fretting
damage responses can be quantified through a dimitenber of tests. It has been indicated also
that synergic damage phenomena can operate dwingiced partial and gross slip slidings. This
research has been conducted for plain contactrdgadithout introducing external stressing. In
fact, numerous industrial assemblies are subjetctetdmbined fretting fatigue loading. Therefore
the present results can not be directly extrapdlaiesuch situations. It should be pointed out that
these results must be carefully interpreted andipgrecautions must be taken before extending
them to any different loading mode.

Table 2 : Compilation of fretting wear coefficieméskoned from the fast fretting methodology under
partial, gross and combined gross/partial slip doorts.

Surface treatments plain steel shot peening rigidi

Friction behaviour

liasPs) - 0.81 0.83 0.68
IGs) - 0.76 0.77 0.58
Q N 1615 1669 1362
3 um 16.4 15.6 15.9

Archard wear coefficient K under grossdip conditions

K pian um3/Nm 8482 11689 7722
K eylinder um3/Nm 9650 4943 2042
K um3/Nm 18132 16632 9764

Fretting cracking under partial slip loading sequence

Q*n N 1090 1100 no crack
~0.9*Q N 1480 1490 1220
Imax um 102.83 46.49 no crack

Fretting cracking under combined gross/partial slip loading sequence
Q*wn N - 1090 1090
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~0.9*Q N - 1490 1220
lyax um - 121.59 42.64

To sum up this fretting palliative selection methaygpears to be a convenient way to compare
various surface treatments. It offers a well baseldction strategy when a wide range of surface
treatments is potentially interesting. Howeverdhgot replace a complete investigation required
for a definite validation of an industrial implentation. These two different approaches are not
competitive but fully complementary: the fast metblmgy can be conducted as a first means for
choice among a wide range of possible palliativéase treatments, whereas classical fretting map

analysis must be performed to validate a choicautlin a restricted number of solutions.
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